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GRAPHICAL ABSTRACT

Analysis of botanicals and botanical supplements by LC-MS/MS-based molecular
networking: approaches for annotating plant metabolites and authentication
Terra Marie M. Jouaneh, Neil Motta, Christine Wu, Cole Coffey, Christopher W. Via, Riley D. Kirk,
Matthew J. Bertin*
Department of Biomedical and Pharmaceutical Sciences, College of Pharmacy, University of Rhode
Island, Kingston, RI, USA
*Corresponding author: 7 Greenhouse Road Room 495M, Kingston, RI, 02881, USA; Phone: 1-401-8745016; E-mail: mbertin@uri.edu; orcid.org/0000-0002-2200-0277

ABSTRACT
Prior to the advent of modern medicine, humans have used botanicals extensively for their therapeutic
potential. With the majority of newly approved drugs having their origins in natural products, plants
remain at the forefront of drug discovery. Continued research and discovery necessitate the use of highthroughput analytical methods to screen and identify bioactive components and potential therapeutic
molecules from plants. Utilizing a pre-generated plant extract library, we subjected botanicals to LCMS/MS-based molecular networking to determine their chemical composition and relatively quantify
already known metabolites. The LC-MS/MS-based molecular networking approach was also used to
authenticate the composition of dietary supplements against their corresponding plant specimens. The
networking procedures provided concise visual representations of the chemical space and highly
informative assessments of the botanicals. The procedures also proved to define the composition of the
botanical supplements quickly and efficiently. This offered an innovative approach to metabolite profiling
and authentication practices and additionally allowed for the identification of new, putatively unknown
metabolites for future isolation and biological evaluation.
Keywords: Echinacea, black cohosh, ashwagandha, molecular networking, LC-MS/MS

1. Introduction
Medicines derived from natural sources make up the majority of our therapeutic arsenal with 75% of all
new approved drugs from 1981-2019 being natural products, natural product derivatives, biological
macromolecules, vaccines, synthetic agents inspired by natural products or agents with natural product
pharmacophores [1]. Between 2000 and 2010, 38 natural product-derived drugs were approved for
various medical indications [2]. Of the more than 100 natural product-derived drugs in clinical
development during this time, 91 were plant derived [3]. Well before the age of modern medicine,
humans have known about the therapeutic potential of plants for thousands of years. This historical usage
gives botanical and herbal sources of new drugs somewhat of an advantage over other drug sources since
discovery is often based on historical observations of patient experiences (i.e., an herbal treatment has
been anecdotally associated with a particular symptom alleviation, setting the stage for the isolation of a
potentially active component). While the isolation of a single agent is typically the approach in Western
medicine, herbal treatments and ethnobotanical approaches may include whole plant extracts, mixtures of
plant extracts, supplements, and the healing potential of functional foods [4-7]. Thus, plants can be used
in drug discovery both for the isolation of a single bioactive chemical agent and at the extract level where
the multiple components in natural product mixtures may be associated with beneficial interactions [8].
Herbal supplement sales in the United States in 2020 reached over 11 billion USD as consumers turned to
these products during the COVID-19 pandemic [9]. These multifunctional uses, along with the chemical
complexity of herbals, necessitate the improvement of analytical procedures for efficient identification
and quantification of plant components as well as the discovery of potentially new molecules.
Additionally, these approaches are necessary to ultimately standardize herbal products for medicinal use
to ensure safety, efficacy, and quantitative measurements of active components. Furthermore, screening
extensive libraries of plant extracts has the potential to discover new bioactive chemical entities and
provide insights into new functions for previously discovered molecules.

One analytical approach to metabolite profiling is LC-MS/MS-based molecular networking. This
is a tool whereby a metabolic inventory can be accomplished by analyzing extracts and chromatography
fractions via LC-MS/MS analysis and linking molecules into families or clusters based on common
MS/MS fragmentation patterns. Similarities between fragment ions, relative intensities, and m/z ratios of
paired spectra are compared, and similarity of compounds is determined using a modified cosine
calculation as a similarity score [10,11]. Molecules with similar fragmentation patterns are grouped
together while those with different fragmentation patterns are grouped separately. Molecules that do not
cluster into groups are shown as single nodes. Networks can be created using the online platform
available at gnps.ucsd.edu [12]. Computational scripts are available on the Global Natural Products Social
Molecular Networking (GNPS) site to provide a relative quantification of metabolites which can provide
an in-depth visual data piece with respect to small molecules by detailing abundance and composition of
these metabolites. There are many relevant examples of the applications of LC-MS/MS-based molecular
networking and other metabolomic approaches to the study of medicinal plants and botanical
supplements. Molecular networking has been used to illustrate the metabolite composition of different
closely related species [13,14], to visualize the components in complex plant extracts and plant parts
[15,16], to discover novel biologically relevant metabolites [17], and to authenticate botanical products
such as saffron spice [18]. However, knowledge gaps remain in how this molecular networking approach
can capture the full chemical space of botanical extracts, and there is a need to generate more LC-MS/MS
data of widely used botanicals and botanical supplements to be publicly available and “mineable.” The
use of authentic standards and comprehensive spectral comparisons to confidently identify metabolites, as
we have done in this report, overcome previous gaps in publicly available data, i.e., lack of data curation
and annotation.
The University of Rhode Island’s Heber W. Youngken Jr. Medicinal Garden holds a collection of
over 200 medicinal plant species, representing an enormous reservoir of molecular potential. Not only can
it serve as a platform to generate a rich library of samples which can then be screened in biological

assays, but it also represents complex collections of metabolites for new analytical approaches for
metabolite annotation and visualization. A screening library has already been generated in the form of the
Principal Rhode Island Secondary Metabolite (PRISM) library, a collection of extracts from the garden
created by upper-division undergraduate students with new additions occurring every year [19]. This
library includes many specimens which are also popular in the herbal industry. In the current work, we
focused on Echinacea, ashwagandha, and black cohosh, whose herbal supplements were all in the top 20
of those used in the United States in 2020 (Echinacea, 7; ashwagandha, 12; black cohosh, 17) [9].
Echinacea is primarily used for its immunity boosting and anti-inflammatory activity [20], while
ashwagandha is used to reduce stress and promote wellbeing [21]. Black cohosh is commercially used to
treat symptoms of menopause and gynecological disorders [22]. The ease of access to complex botanical
extracts in this new library afforded our laboratory the opportunity to subject them to LC-MS/MS-based
molecular networking to determine the composition of many of these extracts and to relatively quantify
important known metabolites in the various plant parts (e.g., root components vs. leaf components).
Furthermore, we probed approaches for uncovering the most chemical space available by comparing
botanical extracts to chromatography fractions created from these extracts. Finally, we used the LCMS/MS-based molecular networking approach to annotate metabolites in commercial botanical
supplements and compared the composition of the supplements to their corresponding plant specimens.
The networking procedure provided a concise visual representation of the chemical space of these
specimens, and it quickly and efficiently defined the composition of botanical supplements.
2. Results and Discussion
2.1. Annotation of antioxidant metabolites in botanicals
The chromatography fractions with antioxidant activity, which were originally derived from
plants representing some of the top botanical supplements used in the United States [19], were subjected
to LC-MS/MS-based molecular networking. The raw files for analysis were retrieved from the MassIVE
database (MSV000088444). Several well-known metabolites with documented antioxidant activity were

identified in the GNPS library including rutin (elderberry, ashwagandha), eriodictyol-7-O-glucoside
(black cohosh), quercetin (elderberry, black cohosh, ashwagandha), aloin A/B (aloe), anthocyanidin
glycosides (elderberry), chlorogenic acid (elderberry and ashwagandha), and numerous additional
flavonoids (all samples). Compound identifications followed manual inspection of the MS/MS product
ion match using the GNPS online platform. Additionally, certain analyses were “seeded” with pure
compound standards to confirm certain identifications for antioxidants such as aloin A/B (in aloe
samples), and echinacoside (in Echinacea samples) (Figure S1). Network visualization clearly colorcoded the specialized metabolites by species (Figure 1), and many of these metabolites are likely
responsible for the antioxidant activity documented from these chromatography fractions. Elderberry
anthocyanins, aloin, echinacoside, and many of the flavonoids identified have shown antioxidant activity
in a variety of models [23-26].

Figure 1. Annotation of antioxidant metabolites from plant specimens. Chromatography fractions from plant extracts possessing
antioxidant activity were subjected to LC-MS/MS-based molecular networking. Nodes are colored by plant and labeled with their
precursor m/z values. Identifications of an anthocyanin from elderberry and aloin from aloe are shown. Node size is relative to
ion count.

2.2. Annotation of metabolites in plant parts
Alkylamides, the major lipophilic metabolites in Echinacea, are found in the highest
concentrations in the plant roots with lower concentrations in the aerial plant parts [27]. While both the
roots and the aerial parts of Echinacea are used for medicinal purposes, studies are lacking in
distinguishing the efficacy of the different plant parts [28]. Alkylamides have shown cannabinoid type-2
receptor binding, anti-inflammatory, and immunomodulatory properties [29]. Furthermore, reports
indicate that the roots contain the highest amounts of echinacoside [27]. Comparing the metabolite
distribution in the roots, leaves, and cones of Echinacea clearly showed that the roots contained the
greatest number of alkylamides, and these metabolites were most abundant in the roots (Figure 2).
Comparisons of the MS/MS fragmentation patterns for the putative alkylamides in our networks showed
very strong matches (at least 6 matched product ions) to those of undeca-2E,4E-diene-8,10-diynoic acid
isobutylamide (m/z 230), undeca-2E,4E-diene-8,10-diynoic acid 2-methylbutylamide (m/z 244), deca2E,4E,8Z-trienoic acid isobutylamide (m/z 222), tetradeca-2E,4E,12Z-triene-8,10-diynoic acid
isobutylamide (m/z 270), and tetradeca-2E,4E-diene-8,10-diynoic acid isobutylamide (m/z 272) [30]. In
addition to visualizing the distribution of the alkylamides in the various plant parts, the networking
approaches also putatively identified unknown alkylamides such as m/z 194 and m/z 290. These
metabolites can now be targeted for isolation and structure elucidation. Interestingly, we identified
echinacoside in the aerial portions of the plant but not in the roots. This identification was confirmed with
chromatographic comparison to an authentic standard.
While the alkylamides were the major specialized metabolites in Echinacea, the triterpene
glycosides were the major specialized metabolite class in black cohosh, and these compounds are used to
authenticate and standardize black cohosh botanical products with the acteins and cimiracemosides, some
of the most well-described compounds [31]. The triterpenoid glycosides were generally distributed
amongst the root and aerial parts of the plants (Figure S2). 23-epi-26-deoxyactein was detected in each
plant part tested and this compound is often used for standardization in black cohosh botanical products

[31]. This identification was confirmed via comparison to an authentic commercial standard.
Additionally, m/z values consistent with cimiracemosides C (m/z 621) and D (m/z 679) were also detected
in black cohosh specimens. These triterpenoid glycosides were all found in the same molecular
networking cluster along with a GNPS library hit for another triterpenoid glycoside ([17-(2,6-dihydroxy6-methyl-3-oxoheptan-2-yl)-3-hydroxy-4,4,9,13,14-pentamethyl-2-[3,4,5-trihydroxy-6(hydroxymethyl)oxan-2-yl]oxy-2,3,7,8,10,11,12,15,16,17-decahydro-1H-cyclopenta[a]phenanthren-16yl] acetate).
The most well-studied group of specialized metabolites from ashwagandha are the steroidal
lactones with common names such as withaferins, withanones, withanolides, and withanosides
(glycosylated steroidal lactones). Withaferin A was identified in the aerial extracts of ashwagandha
following chromatographic comparison to an authentic standard and examining the molecular network of
the extract containing withaferin A showed a large grouping of related metabolites, likely including
dihydrowithaferin A (m/z 473) (Figure S3).

Figure 2. Alkylamide molecular network. Pie slices indicate the presence of analytes in various plant parts. The structures of two
putative alkylamides are shown near their respective nodes.

2.3. Comparison of chemical space available from extracts and chromatography fractions
Extracts were subjected to reversed-phase fractionation to generate more rarefied pools of
metabolites for analysis. We hypothesized that fractionating extracts would lead to more available
chemical space for annotation. If these analytes are in low abundance in the extract, they may not be
detected and fragmented in a data-dependent MS/MS method. Fractionating would allow for more
metabolites to be detected and ultimately fragmented. This increased chemical space is important in
efforts to obtain an organism’s full metabolome. Additionally, networking fractions against each other
would show which elution system is most effective for isolating certain groups of metabolites, an
important step during purification procedures when isolating new bioactive components. Focusing on
bioactive metabolites of interest from Echinacea and black cohosh, the fractionation step revealed
additional putative alkylamides and terpenoid glycosides, respectively. Several metabolites which were
not initially detected in the cluster containing 23-epi-26-deoxyactein (m/z 661) from the black cohosh
extract were present in the fractionated set (Figure 3).

Figure 3. Comparison of black cohosh metabolite content between extract and chromatography fractions in the triterpenoid
glycoside cluster. Metabolites observed in fractions that were not initially observed in the crude seed extract are designated by
black boxes behind the nodes.

This same phenomenon was also observed in the alkylamide cluster when comparing the Echinacea
extract to its fractions, although to a lesser extent as only two new ions were present in the fractions that
were not identified in the extract (Figure S4). Access to these new metabolites can ultimately uncover
new additions to molecular families and improve structure-activity relationship studies. Networking the
fractions themselves showed that the majority of the alkylamides eluted in the 20% H2O: 80% CH3OH
fraction, which could provide important information regarding the solvent systems to be used for the
isolation of analytes of interest (Figure 4).

Figure 4. Distribution of alkylamides in chromatography fractions. Networking shows that the majority of alkylamides were
present in the 20% H2O: 80% CH3OH fraction.

2.4. Annotation of metabolites in botanical supplements and comparison to plant specimens
The commercial supplements from all vendors (2 for each specimen) were very similar to each
other in terms of metabolite content. Examining the terpenoid glycoside cluster from both black cohosh
supplements networked together showed identical metabolite composition (Figure S5). Comparison of
these supplement extracts with an authentic standard of 23-epi-26-deoxyactein (m/z 683, M+Na+)
confirmed its presence in each supplement (Figure 5). Interestingly, many additional precursor ions were
observed in the network from each supplement and not observed in the black cohosh plant samples, which
illustrated how important sourcing information is in dietary supplement production, and the potential for
metabolite variability in source material. Additionally, feruoyl tyramine was identified by the GNPS
library search for the black cohosh plant extracts and both of the supplement extracts (m/z 314) (Figure

S6). This metabolite and its glycoside derivatives are marker compounds used for the authentication of
black cohosh samples [32]. We sought to compare the chemical space of the supplements to that of the
plant type from which they were derived. The two black cohosh supplements were replete with terpenoid
glycosides (Figure S5), while the major alkylamides detected in the Echinacea plant samples were present
in each supplement (Figure S7).

Figure 5. Identification of 23-epi-26-deoxyactein in black cohosh botanical supplements. The panel on the left shows the
comparison of the authentic standard to both black cohosh supplements extracting M+Na+ m/z 683. The panel on the right shows
the network of the precursor m/z 683 molecule (black star) clearly present in the standard (orange) and both supplement samples
(light blue and yellow) as well as in the black cohosh plant sample (dark blue).

Both Echinacea supplements were derived from aerial portions of the plant, and the alkylamides that were
present in the aerial plant portions of our garden specimens were also observed in the supplements (e.g.,
m/z values 230, 244, 246, 248, 258) (cf. Figure 2 and Figure S7) showing intriguing consistency.
Withaferin A was identified in both the ashwagandha plant samples and the botanical supplements
(Figure 6). While plant samples were replete with many analytes and many putative withaferin A analogs
(Figure S3), the supplements did not contain the same number of analytes. However, both supplements
contained several metabolites with m/z 471 (Figure 6), all which had similar MS/MS fragmentation
patterns. The most abundant metabolites were identified as withaferin A, withanone, and withanolide A
based on comparison of MS/MS fragmentation patterns from a previously published report [33].

Additionally, we putatively identified viscosalactone B in both supplements and the aerial and root
portions of ashwagandha based on MS/MS fragments m/z 453, m/z 317, m/z 299 and m/z 281 [33]. We
were unable to discriminate between withanone and withanolide A based on their similarities in MS/MS
fragmentation patterns (Figure S8). Because there is a limitation when annotating MS/MS networks of
isomers or metabolites with very similar MS/MS fragmentation patterns, we implemented a retention time
filtering procedure that could discriminate between isomers and compounds which share the same m/z
value. The data processing was performed using the publicly available program MZmine [34]. We used
this tool to identify different ashwagandha metabolites in ashwagandha plant parts and supplements using
the supplements of Echinacea and black cohosh as controls. The gray (detected) and white (not detected)
annotation approach could be applied widely to a constructed library of analytes and then used to verify
and authenticate plant specimens and supplements per a researcher’s needs.

Figure 6. Analysis of ashwagandha metabolites in supplements and plant parts. The top panel shows LC-MS/MS analysis of the
withaferin A standard. The middle panels show the composition of analytes with m/z 471 in an ashwagandha supplement sample.
These metabolites were identified as withaferin A, and putatively as withanone and withanolide A. The inset shows retention
times for the analytes. The table shows the MZmine filtering process based on m/z values (471) and retention times for these
analytes with gray indicating presence and white indicating absence in samples. Std = withaferin A standard; Ash =
ashwagandha; Suppl = supplement; BC = black cohosh; Ech = Echinacea.

3. Conclusion

In this work, we have shown the utility of LC-MS/MS-based molecular networking for profiling
plant metabolites in a variety of ways from bioactivity-based analysis to the distribution of metabolites in
plant parts to the uncovering of chemical space by fractionation procedures and finally, the comparison of
plant specimens and botanical supplements. This work could be further used to rapidly identify
adulterants in supplements by comparing known metabolite profiles of plants and supplements to samples
that could cause human illness. For instance, in Figure 5 an m/z 681 precursor ion was observed in the
standard, which is likely a byproduct of synthesis in standard creation. The networking procedure offers
high information analysis and can abrogate the need for manual interrogation of dozens or hundreds of
individual spectra by “layering” analyses throughout the network (i.e., answering multiple scientific
questions in one network run). We have completed definitive level 1 metabolomic identification of
withaferin A in ashwagandha plants and supplements, 23-epi-26-deoxyactein in black cohosh plants and
supplements, and echinacoside in Echinacea [35]. Furthermore, we have provided putative annotation of
several alkylamides from Echinacea plant specimens and botanical supplements, triterpenoid glycosides
from black cohosh, and withaferin analogs in ashwagandha. All these LC-MS/MS files are publicly
available in the MassIVE database and can be mined and analyzed by other investigators
(MSV000088895). Additionally, we have added the MS/MS spectrum of 23-epi-26-deoxyactein to the
GNPS library (spectrum ID: CCMSLIB00009918929). Future investigations will focus on isolating the
new alkylamides, withaferins, and triterpenoid glycosides from Echinacea, ashwagandha, and black
cohosh, respectively. For instance, a recent study showed that certain triterpenoid glycosides isolated
from Actaea racemosa have in vitro activity against multiple myeloma cells, and that this activity is
related to aspects of structure such as the specific sugar moiety and positions of certain methyl groups
[36]. The number of potential triterpenoid glycosides we have identified in our networks can enhance
these types of structure-activity relationship studies tremendously. Recent research has pointed to
withaferin A as a potential agent to treat SARS-CoV-2 infections and new discoveries of withaferin A
analogs have the potential to probe these relationships further [37]. We will continue to accumulate and

share mass spectrometric data of plant specimens in repositories and databases to enhance the confidence
and accuracy of metabolite identifications.
4. Experimental
4.1. General experimental procedures.
LC-MS/MS analysis was performed using a Thermo Scientific LTQ XL mass spectrometer with
an electrospray ionization (ESI) source (Thermo Fisher Scientific, Waltham, MA, USA) coupled to a
Dionex Ultimate 3000 HPLC system equipped with a micro vacuum degasser, an autosampler, and diodearray detector (DAD) (Thermo Fisher Scientific, Waltham, MA, USA). All extractions were carried out
with HPLC grade solvents. Sample preparation was performed using C18 SPE columns purchased from
Agilent Technologies (Wilmington, DE, USA). Standard compounds aloin, echinacoside, and withaferin A
were purchased from Sigma-Aldrich (St. Louis, MO, USA). 23-epi-26-deoxyactein was purchased from
Cayman Chemical Company (Ann Arbor, MI, USA). The following botanical supplements were purchased
by mail order from Amazon.com: Black cohosh-1 (540 mg, root), Black cohosh-2 (540 mg, root),
Ashwagandha-1 Ksm-66 tablets (600 mg, root - standardized to contain 5% withanolides and 200 mg of Ltheanine), Ashwagandha-2 Ksm-66 capsules (900 mg, root), Echinacea-1 (400 mg, Echinacea purpurea
aerial components), and Echinacea-2 (400 mg, Echinacea purpurea aerial components).
4.2. Sample collection, extraction, and preparation.
Plant specimens (Withania somnifera, Echinacea purpurea, and Actaea racemosa) were harvested
from the Heber W. Youngken Jr. Medicinal Garden, the plants were divided into leaves, roots, cones, and
seeds parts, and portions of each part were extracted separately with CH3OH and H2O. For LC-MS/MS
analysis of extracts, following solvent removal, samples were passed over a C18 SPE cartridge eluting with
100% CH3OH. For botanical supplements, the casings were removed, and the sample powder was weighed
and extracted with CH3OH, and supplement samples were prepared for LC-MS/MS analysis in the same
fashion as plant extracts. Black cohosh seeds, Ashwagandha roots, and Echinacea roots were further
fractionated using C18 SPE cartridges to generate a series of chromatography fractions before additional

LC-MS/MS analysis and molecular networking. Five fractions were produced from the crude extracts,
beginning with the most polar (80% H2O: 20% CH3OH) and following a gradient (60% H2O: 40% CH3OH;
40% H2O: 60% CH3OH; 20% H2O: 80% CH3OH) ending with the least polar (100% CH3OH). All plant
extract, supplement, and chromatography fractions were reconstituted at 0.6 mg/mL for LC-MS/MS
analysis. All collected plant species have accompanying voucher specimens held in the KIRI herbarium at
the University of Rhode Island.
4.3. LC-MS/MS analysis and molecular networking
Each prepared sample was subjected to LC-MS/MS analysis with a specific scan event recording
MS/MS spectra in data-dependent acquisition mode. A Kinetex 5 μm C18 column (150 x 4.6 mm) was used
for separation of analytes in the extracts and chromatography fractions. The LC method consisted of a 5
min hold at initial conditions (85% H2O and 15% CH3CN each modified with 0.1 formic acid) and was
followed by a linear gradient from 15% to 100% CH3CN in H2O + 0.1% formic acid over 20 min. Next, a
hold at 100% CH3CN was held for 5 min. Initial conditions returned from min 31 to 38. The flow rate was
held constant at 0.4 mL/min. The MS spray voltage was 3.5 kV with a capillary temperature of 325 °C. For
the MS/MS component, the CID isolation width was 1.0 and the collision energy was 35.0 eV. Following
acquisition, the raw data files were converted to .mgf or .mzXML format using MSConvert from the
ProteoWizard suite (http://proteowizard.sourceforge.net/tools.shtml). Library searching and molecular
networking were performed using the online platform at Global Natural Products Social Molecular
Networking website (gnps.ucsd.edu) [8]. The data were filtered by removing all MS/MS fragment ions
within +/- 17 Da of the precursor m/z. MS/MS spectra were window filtered by choosing only the top 6
fragment ions in the +/- 50 Da window throughout the spectrum. The precursor ion mass tolerance was set
to 2.0 Da and a MS/MS fragment ion tolerance of 0.5 Da. Instrument blank spectra were filtered before
networking. Networks were then created where edges were filtered to have a cosine score above 0.7 and
more than 6 matched peaks, except for the network created for Figure 5 in which a cosine score of 0.95 was
used and 6 matched peaks. Furthermore, edges between two nodes were kept in the network only if each of
the nodes appeared in each other's respective top 10 most similar nodes. Finally, the maximum size of a

molecular family was set to 100, and the lowest scoring edges were removed from molecular families until
the molecular family size was below this threshold. The spectra in the network were then searched against
the GNPS spectral libraries. The library spectra were filtered in the same manner as the input data. All
matches kept between network spectra and library spectra were required to have a score above 0.7 and at
least 6 matched peaks. Network files were imported into Cytoscape for additional processing [38]. All files
that were used to create Figures 2-6 and the supplementary figures are available under MassIVE dataset
MSV000088895 (doi:10.25345/C5X05XD5R).
4.4. MZmine Processing
Raw LC-MS/MS data were converted to the .mzXML format using RawConverter [39]. The converted
files were uploaded into the MZmine 2.53 program [34]. To build a mass list for each file, files were
examined visually to determine the best noise level cut off. The mass detection was performed on
centroided data with mass level 1 and a noise level of 100000 for the withaferin A standard and
ashwagandha roots files; 10000 for the ashwagandha aerial, Echinacea supplement 1, and black cohosh
supplement 2; 20000 for ashwagandha supplement 2 and black cohosh supplement 1; 300000 for
ashwagandha supplement 2; 7000 for Echinacea supplement 2. Mass level 2 was filtered with a noise
level of 1000 for the withaferin A standard and ashwagandha roots files; 100 for ashwagandha aerial,
Echinacea supplement 1, and black cohosh supplement 2; 200 for ashwagandha supplement 2 and black
cohosh supplement 1; 300 for ashwagandha supplement 2; 70 for Echinacea supplement 2.
Chromatograms were built using the ADAP Chromatogram Builder Module with the appropriate mass
lists [40], a minimum group size of 5 scans, the group intensity threshold and minimum highest intensity
set to 3 times the noise level, and an m/z tolerance of 0.5, because this was low resolution data.
Chromatograms were deconvoluted by using the baseline cut-off algorithm with the following settings: a
minimum peak height of 3 times the original MS1 noise level, a peak duration range of 0.00 – 10.00 min,
and a baseline the same as the minimum peak height. Chromatograms were then deisotoped using the
isotopic peak grouper with an m/z tolerance of 0.5, a retention time tolerance of 0.5 min and a maximum
charge of 3, and the most intense representative isotope was selected. The chromatograms were then

aligned using the join aligner with an m/z tolerance of 0.5, the weight for the m/z of 75%, the retention
time tolerance set to 0.5 min, and the weight for the retention time set to 25%. The aligned list was
narrowed down to show only masses of interest for each data file.
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